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(57) Abstract 

An output driver circuit and current control technique to facilitate high-speed buses with low noise is used to interface with high-speed 
dynamic RAMs (DRAMs). The architecture includes the following components: an input isolation block (120). an analog voltage divider 
(104). an input comparator (125), a sampling latch (130). a current control counter (115). and a bitwise output driver (output driver A 107 
and output driver B 111), 
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CURRENT CONTROL TECHNIQUE 

This application claims priority to the provisional patent application entitled 
"Current Control Circuit", Serial Number 60/073,353, filed February 2,1998, and the 
provisional patent application entitled "Current Control Technique", Serial Number 
60/057,400, filed August 29, 1 997. 

5 

Backgronnd of the Tnvftntinn 

Field nf the Invention 

The present invention relates to the field of integrated circuits and high-speed 
10 buses. More specifically, the present invention relates to a circuit for a high-speed 
driver and techniques for obtaining rapid switching speed with low power 
consumption and low noise on high-speed buses. 

Description of the Related Art 
1 5 To obtain rapid switching speed on a bus with low power consumption and low 

noise. It is desirable for a current mode driver to set and control the current at which 
the driver operates. O.S. Patent 5,254,883, aissigned to the assignee of the present 
invention, and incorporated herein by reference, discusses an apparatus and method for 
setting and maintaining the operating current of a current mode driver for a bus. 
20 Essentially ,^Tpr a bus with' ia' master-slave architecture, there stce twj6 problems to be 
solved; in setting the oplCTati^grg]^ bri the bus. First, the pperatmg current of the * 
master^s current mode driverS:.shic>uld be-properly set. Secobii, the operating current of 
' vthe slave's current mode drivers should be properly set. Once- these currents are set, 
they are maintained at those settinfgs despite process, voltag;e%id temperatilre= 
25 variations by circuitry in the master and . slave devices ' ' ! 

A master-slave bus architecture is discussed in the ;883 patent in which a 
master may send data to and receive da^ firom a slave. A slave may send data to and * 
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receive data from a master, but not another slave. The master sets its operating current 
for its drivers and each slave sets the operating currpm for Us drivers. , . 

■ - :^ -.■ '!5^/^^fcv:>^?°^^^ "^^m'^J^ '^WJ^^"^. ^ ^r^: ^Pyer for each hus.,Une that 

^^-^ 'l?^? the, voltage on theJjus linc,^^ to a,: 

voltage closer to ground and turns off to allow a tennination resistor,,?^ on the bus 
:i: y^^lt^l^': Y.c™.,The cwent in the 

v2:;^ -!f' S '^^^f^:^W^f ^^^^pmiined frpm^a^feedback circuit 

^^'^^^^^yol^^e, ^(!e™., 
ones, then the m^imuiti curre^^^^ the'driye^and the,^^^^^ , 

-^^l^f^''?!''-^'-"!! '^f^^'^'^^^'^^^m'^^^,,^ to a^pde,yQltage,,V„, 

S^^'^S^^^'^^ -^en 

^"^1*^; ^ °"^^4f^![;fef ^W!»g.6>f;2,* dH«:J9:t^^ 
scaling between the reference driver and the actual qutput driver. . Therefore ,¥ . 

synMne|ric voltage swing about V^^^ may .be.a^^^^^ , _ 

n ^ ^^S^ P^f'^^f f^r^P'°yS'l^ ^^"5^ahle :c,irre^ a driver 

^^^^^^ ^jf?^i>?i?°35»??i5i)Ehe v^^ in 

"^^^^^f^^i^^-^ between y.,^^d.Y^^r Ia,* R,e™.^ where I, is 

directly proportional 

25 by the master. Jlw master also d^^prmin^s whether thp value of y^,,,fi-qm the driver : 
matches V„f in the master. It adjusts the RC time constant so that Ae pountjn 
.^^^^yfy^s^^^ m tl^v^r^d w^^^ 

'Vwm, " (Y?<?™ - X'?f^^,^" 9ffff..!°j?';9d^^^^ is 

required. The master should double the value of the RC time constant which will 
30 double the count. This will produce a V„„, which is equal to - 2 * (V^ - V„f). 

^^*^K^ jf: °f getting of the driyer.^in. the slave may be performed 

in a manner different from^hat iii^tl^^ master., In the .slave, the efifcQtiye R in the RC 
time constant is .dOTv^d k^^^^Ji:^^^^ voltagp. aiid reference current. If due to. 
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variatibris in temperature or supply voltage, the reference current decreases then the 
effective R in the RC time constant increases. "This increases the count and the 
operational current setting of the driver in the slave, thus compensating for the effect. 
If the reference current increases, the effective R and the coimt decrease, again 
5 - conripensatihg for the change. 

While the above techniques of setting and maintaining operating current in the 
master and slave Bus linfe'drivfes have^ met witK substantial success, the techniques are 
not without dfertairi shortcomings. "For example, the technique of fsetting the current in 
the master requires^am exira pinMedicate^ to receivb' the external resistor. Another 
1 0 shbrt'Co'mitig -is Sefibbtthg th6 pfope^ vialue of ihe extemai resistor to^Waintain the factor 
of two scaling between (V^^ - VJ and (V^^ - V^J. If the scaling'is not precisely set, 
' the -output swiiig is noV s>triihetriV I^ui^er^ as' process, voltage, or 

temperature vanSions tfeie' ViLlUe selecteci for the resistor may not be ideal. A 

' to shdrtcbMing is that'^' elfec'tfbltMc discharge s^^ the 
15 - pih^^redeivihgHfie exte^m^ in series with 

the eixterrikl resistor: T^s iiiklceS'the selection of tiie e^^^ subject to 

variations in ESD^^thibt^ .ii-^o^i -/n, 
- . -'^ -Further, a shortcctnirig^in^he* the' current irt the slave is that 

a relatively complex algorithm-' bfetwe^h^'tfid master is'required to 

20 cortectly set th^ cUrrra^ sla<^e." TTte'm^tei- se^^^ the RC tiifie^constant which in 
tiirif detennines thelcouhV &cl the^ but^ut Valuel The master then tests the output value 
to determine whether it matches If hbf ^ it increases trie count and retesits the 
output value. ' cycle cfontihues until a match occurs. " However, a match of V^ut to 
V^f for one biis line, does not' always insure that a match will occur on ahbther bus line 
25 due to snikll differences in charactenstics'betweeh output drivers, bus lines, and V^^^ 
comparisbff^ - " ' ' ' ^ " " ' ' 

' ■ ' As can'be seen, ari irfiproved output* drivei^^ and teclmiques for obtaining 

' rapid switching spdeS'wiliiloW'pb^^ low' noise is needed. 

30 Summary of the TnventioTi . 'l . . :; t v : 

■ The present invention includes* a circuit ahd current control technique to enable 
high-speed buses with low noise. This circuitry niay be us'ei in the interfacing of 
high-speed dynamic RAMs (DRAMs).' the architectiire of the present invention 

* 3 
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includes the follo\ying components: an inputjsolation block (Isolation),,an-analog 
voltage divider (AVD), an input comparator, a sampling latch, a current control 
counter, and a bitwise output.driver (output driver A and output driver B). 

A fundamental operation of the current confrol mechanism is to CYaluate. the 
5 voltagp. levels Vhj, V,,^,. and V„f» and increment or Recrement the cvrrehtcdntrol r- 
counter accordingly to set an appropriate output level. When the current control 
. .eircuitiy is.in .^ evaluation modfr, output driver. A. is off (not sinlcing curreiit), and 
node BDA is at the output high voltage level (typically ,V^);,pxitput driver B is v. 
.aq^iy.e, and. pupils node BDB to thp.low voltege output level.p jFhe voltage levels at 
1 0 nodes BDA and BDB are passed through the isolation block, and fed into the analog . 
voltage, divider. The analog voltage diyider; outputs a voltageaevel which a 
weighted average of it's input. I.e., V,^ = (A * V J + (B t Forexample.ina 
spe<nfip.ca?e,yo„,3=X0.5 ?VaA:(P>My^^^^ b,uLy>b c ::. :. - ; 

The input comparator compares V^^, and V„f and generates ani up signal. The 
^ ^ . : "I? ^^SnaJ, ,is,sainpled,,and used toancrement dejcrementr the current control value 

held in the current control counter. By repeating this process the current control value 
will settl€!.to.?k:yalue,where,^ /-m' r^- ,. , " 

; .; ■ W^en the .current cpntrpIicireuLty is not active;, the input isoiatibn biock shields 
any intejac^ons ^pf the analog- voltage divider circuitry and.the output pad." 

i j / ; The output drivpris cornpqsed of a seri.esjof individual? output transistors, an = 
example of which is shown in Figure 4;: The nuinber^of active output transistor blocks 
are selected, with, pontol signal ictrl[n:0], The width of the output devices may be 
scaled in a geometric fashion to alloy/ encoding of the ictrl[n:0] signal, u 

The input isolation gates may be implemented as CMOS pass gates, NMOS 
2 5 passgates with boosted gate voltages, unity gain buffers,; oc.operatibnal amplifiers (op 
. ^P?)- )T^? ^log voltage.diyider m_ay, be implemented with a resistor idivider, a 
dig^tal-to-analog converter^ or switched capacitor filteK suchas a sigma/delta. 
; J^9<*H^tor. The sampling, latch-may .be jmpjlemented a^ a simple flip-flop or latch, or a 
5,®J^?s of sequentialelpments-with logic to average; the sampled value. The current 
30 control .countCT,may be implemented asi^^^^ counter or a more sophisticated 

counter such as a saturating binary search counter, t . - 

; , Other objects,.features,;and adyantages of the present invention will become 
apparent upon consideration of-the. following^detailed description and the . ' ; 
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accompanying drawings, in which like reference designations represent like features 
throughout the figures. • : . / ' . 

-Brief Eiescription o f the Drawmg^ - /- • ■ * ' ^ 

5 Hig. l illustrates a prior- art implementatidh of a c^^ 

master device: and slave device; ' i ' - /'-^'^^ i?.. * - . ; ;:iir o : / r .;! .' 

Eig. 2 shows a block;diagram of feiin-ent'cdhtrol circuitryln accbrdanCe 'With an 
embodiment of the presenVinveiitidn;' -"""^^ ' V-^-v ' v: ^ . " ^^v'b ^vo ? ? 

. : Eig. 3 illustrates c^ent edntrol a^ of 
10 • the:presentanverition; ^^ol'r:>.^^^ -iiv^ r::;^; 'r* ^iC'^:- '-^ -^:>w/' 

"Fig^:;4 illustrates an output driver'W accbrdahcfe with an 

embodimentvofjthe invehtion; - - / / ' 'v;^ V , ^ . ^'-o .;::!:~iv-. v 

Fig. 5 is a detailed illustration df an'ihiplenientitidn'of the current'cbhtrbT 
. circuitry of theanvention;- '^ x ^ : ' f.^qrru:: t:. ^ . r; : 7 r : " 
15 :> . ^ ; ^Kgi^6 shows'Jciii^uitryiforthte 'gx©^^ ' * 

^ to generate:a boosted vcdtage; ^^r'^ <u .rc,A^-<-:. - -^^niC: - 

Fig. 7 shows circuitry for M^nj^dt-comparktOT g^^ ^ ' ' ' ' * 

^ r /,:>.>Fig;:8 shows* a:resistor:dividdf i of Fi^. 5; and 

Fife7 9^pws a tesistordivider ilttptehifeMatiOT of Fig.'Si 

20 T'^FigjlQiUustrat^;eohtrol' ahd~test i^^ be used in ' 

accordance withv an embodimertt^bf^the ihverit^^ - ; 

' Eig. lidllustratcs^ current control counter circuit^tliat^m^^ ' 
accordance with ari embodiment of the invention. " . . ; o : 

25 Deseriptit^n ^nf the Preferred RmhoHiTni^ntf: ^ . . 

, iv The present invention provides' an impfoveid' aiipariatus arid fnethbd of settihg 
the current in master and slave 'devices connected to a common bus. Figure 1 is ia 
block diagramiof a icurrent eontr<)l iinpkmentatidn With-a^^m (RACland a 

slave device (RDRAM), in accbrd^ce with -the' prior to 
30 display only a single slave device RDRAM, however it should be appreciated that 
many slave devices may be used in^connection with- the master device RAC. ' 

r In accordance with the.pribr art^^the master device RA€ has a dedicated output 
pin CC. The output pin CC is connected to a tisrniihatidh vb^l^ 
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resistor If tiie output driver is. an, ideaj current soiorce, then the voltage output 

will be the middle of th? swing. This value, is compared to and adjusted-up or 
down accordingly. 

: • ^S^^^^^. ^^f^'.!h?5?4?. a circuit.that indirectly, infers the,, 

temperature. The original proper value is established by running a current cpntrql 
. in^ializaupii routin thrqugh,the;master device and 

det^tin^ the fir^t tjpi^ V^^M^ on^s^^e l^ran^^jtte^;^^ ^the bu^,. This. threshold is^, . 
: ^^'r^^^, P'^l^^^f^P^l^^eJy) befors^being^SKit^tQ the slave^device. 
. 1-Rin& on thejnaster deyiee, and 

N pins on the slave device. The additional pin on the, master deyice is .required for the 
CC coniiecUon,^l?pN^.ip|i^urfr otEigure 1 alsareciHires tfie resistor 

WlW^ yfh^^^ ^? master device; is mounted. ; ■ 

Unfortunately, the RT/2 resistor may not have the desired value.,T-he current prqjiuced 

^ ^ ^'^'^*°^;y^'?^§'f^ there are , 

""^"'"i^l^^ °C^he ^lI.?^>^ctenstiq^,Qfthe^o 

.^^"^ '^^^Hl^^^l*^ al^h9Jigh.itJs,desii^e,^^ ^.!9MSnt.pontipl,resistpttp be 
K,^2, its value is more likely about R,cn„/?,2.,,The.yali^.aJsp:yari to 

differences in,prpcess,,yendpr,.and.temperatute.;, . .: r-. . 

: ; 5 - X -"^^^l i9 ^^^f .j<^^X»PS;^C, .tbere. is ;ani Ppmparatpr .GOMP,,, The 

comparison determines the output is too low, then; a counter (Cp,unter3) is ■ - 
incremented, tbereby.incre^^ng the current of all the output drivers on the chip (during 
, the next current control cycle). If the cupcent is too high, then the counter (GounterS) 
25 - , is subsequeptly decreased. , By selecting the proper resistor (which is, difficult to do), 

. P¥tP"^;*^,ve.atreg^lar=interyals^t^^ 
. . , ^°i^g? fwing of .Uip rem^inipg,pi^s.. T,his then .tracks.any,-(teft,of to 
. ' -°.^S*Se or temRer^t^re, effects, allq>ys for diffi^eiit . process, yariatipns^ chip.to chip, and 
RiP^'.^^l^^y^sinular benefits. . However,, selectiiig-the proper resistor value to ; 

30 achi.eve this, resuh is.difficult.^ ..^ , - 

•V : :^:^^®'^ t^b^i5u^ inypl^^^^^ ..y. 
channel." However, thi^ tpphnique requires that the resistor value be changed 
(essentially halved) when the module is inserted, compared to the case vvhsn it is not 
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inserted."' This may be achieved by adding a parallel current control resistor to the one 
oh the rhotherboard which essentially changes the parallel resistance so that the output 
current is doubled. Unfortunately, the nonlinear nature of the transistors again requires 
that a "special" resistor value be calculated in order to double the current Once the 
5 proper resistor value is found, autorhatic tracidiig* is still assured using the expansion 
mechanism."- r ; . ; ■ ■ . - - , 

A consideration that needs to tie addressed f6r some integrated circuits is that 
an electrostatic discharge (ESD) jstnicture m'ay be placed in series with the current 
control pin. This adds a variable amount of resistance, significant eiSdugK to change 
10' the needed-cxiemal resistor valae siibkttotiafly; The'rdsistance^ of stich ah ESD 
- structure heeds'tb be acco^ * ' ' ' - - - " - 

- ■ ' 'As khovvh in the art, currerit cbn&ol talibratibns'sLrb perforth'ed during "quiet" 
times ohthe bus; Tliat is; the ciifre'iit cohtrbl calibrations between 
iictivitiesoh tHebuis^'" ^' - -^^ - ' ' . . ^ 

1 5 : -s. : , ^ pigitfSe'^' khows^^^b^efall diagram df ^ embbdirherit dfth 

teohriique of the ptei&fe'h^ is a icliematic olFthe ar^fchitectiire iitilized 

in accoixiahce; with &e ^einatici^'6f a specific 

impilehiehtatioft^M'thepr^^ n.GOi^ ;*-v. : ^ ^ 

The circuit of Figure 2 incli»SeS the-fbll^ an input" isolation 

20 - blofek1(lsolati6h> IZ0, an'^logVoit^ an inpiit cdmparator 125, 

a sanipling iatchl30, a cunrehtcoWtrorcou^^ a- bitwise output driver (output 

driver A lOT^aridbutpiitdriveir B ill). ' ' ' ' ^ ^ ' ' ' ^ 

- As shown in coniiection with Figure % the pribr irt telied ut)bri an input 
comparator GOMP ifi i)erf6nning its current control ftmctions; 1rhe preiserit invention 
25 also uses ah inprut cbihparator 125 for ctureht c^ unlike the 

' prior art wMcli r^^^^ cbnnecteci to a 

- printed circiiittbird thoiintedr resistor the^iif^ShrfiiVentit>h a^iitiple R over 
R resistive divider 'placed¥e"tw€^^ oiitfiiit aiiid ii ftoiiactive^ o^^ The output 

of the divide tircuit is ^i^voltageec^f^ 
30 desired to compare against V,^f. It is desu-able that the^e'two'su-e^^i^qual^ If the^^ aife not^ 
the current control circuit increments or debreniehtis the 6buiiter'ahd tracks any output 
current variations-due to changes in fcuirfent drive of the tria^ (because o f 
temperature or VDD^changies);* " ' ' ^ ' ^ - ^ ' ' - - ^ — 
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The circuitiy employs voltage divW^^ 
slave devices. As shown in Figure 2, tiie voltage divider circuitry is connected . 
between bus drivers A and B, driver 107 and 1 1,1, respectively. This circuitry is 
activated when the operating current must be set in the bus drivers and de^ti vated 
5 when the bus drivers ^e used in normal operation. , 

Bus lines connected to Ae two sdcqted drivers of the master are different from 
bus lines connected to the W selected driv device. Consequently, the 

'^^"^ ^^^^P^'^'f'^ ofcurrent in the mast^can pR>peed siiRultaneously with 
Ae ^ttingofa value ii^ the slave: If there are miUtipleslaye^, ?^^ 
10 ^^^•''^driv^wwinectedtQau^^ 

atin^ current ^^^he sevM-al slaves may p^oc^^^^ 
devices use the same pins. 

^ ^-^-e^ ^P"^-^^ apd-in..tji^.slav^^^ value of the 

"""^f" "n?^"^^'?* Jhe^master and slave is 

15 ^S^nmned by a feedback d^^ 

'■°v^.y°-^!?,f you,, whicli^ls ^5riyed frpm,the ypltag^ The 
feedback circuit assures, via the counter, that V„f is equal to fV - fV - 

.whichjie voltage div^er^circu^ 

20 ,^°"ditio^.P™A^idingV^tothe^^ . 
swings a fixed amount equal tq (V,^^ V^Wch is^^i^c^^ 
the resistore, Rl (Fjgjire 3), of the yqjtage divider >yhen a refistiye. voltage divider is 
used. The lower one of the resistors, ^ (Figure 3);, has g*(y^'. Y„r) across it, where 
g is the voltage, ^iyider ratio. Lf, g = R2^i where, Rl is connected between the off 

25 driver and the center node and R2 is coiuiecte^ bet>yeen the c^ter node and the on driver., 

R2 are approjdma^ y^, equals CI +grv„f 

" ^y*^; ?5^^^^'?*:yh.f ® ^ f^iYo«.equd^^ For 

example, if is 1-8 volts and V„,is l. 4 volts, then V„'„1| L^^^ 
Yswing- of Vput If 0.8 vol^. Also.^the current in tiie oj^^ut (Wyer is now Ys^ng/R^, 

30 ^^choqx^lsO^Wl^^ 

ohms. Typic^y. may be m the range from about 20 ohms to about 50 ohms. 

When the voltage divider circuit is activated, th^ circuit itself creates a source 
of voltage error, caused by the current that flows through the voltage divider circuit 
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from-V;^;^, tltrough the termination resistor, through Rl and R2 and to the output 
driver which' is in the on-state. This currerit causes the voltage of the driver in the off- 
state to'be slightly less than V;^^, say e*Vj^^, where e is a number close to one. 
Spkificilly, e = I - [((V^ - ^k^J^ C^^mi + R2 + ^^))]. This current also 
5 causes the voltage of the driver in the dh-state to be slightly higher than V^^/also by 
the same erf or term, say e* V^^.* TTiefeforeV lisiri the suggested resistor values, 
e=0.^98882 and V^r:002,'3o^^^^ ' 

' " The feedback circuit'&sure^s that tAe coihnibn node of the voltage divider is 
locked id V^;^;'s6thk^^ RT is (e*V^^"l V^^^).* the voUage d^^^ R2 

1 0 is 'ei*V;,;;^-^^V^V-^ y - ^, i^ 2* V;,^ - e'*^^^ ' iotke output voltage is 

slightly higher than its value m^'iRe'abseric voltage'dlvider' V how (l+e) 

and the current in the output driver is V^^^g/R,^ + (Vt^nn* ' e*Vj^^)/R^^^ 
" ' = 2*(V-^^^ '- V^j'f.)/Rj^'*^'36^^^^^^ before. Thus, while the output voltage is 

al teted ■ slight ly 'iii hen llie^vdltag^ 'di videf c ircuit i^^^ it does not' affect the ' ' 

15 settihg of cUnife'nfih'^ tHc coiiriter valuV th^ current. 

' OnHer 'idedt cSrr^nioiYiin'he ?a^io of tlie resistors, 'g^ is a precise value,' such' as 
unity. However, If somfe trt^ri arepres^iiti it is (iesixaBle t^^ 

for tfieni' By^^li^tly^lty^ng HidrM^ ^Sbml'^miiice^ of OTor are'cyreri^ into thfe 
cbmparatot -arid hyiiferc^ik 6r off^etl iri^ffi^' febitiparaVorJ Another s*oiu-ce of error is the 
20 circuitry tised' to'^ifcti\%tc thc'^V61tage''d^ if the activation circuitry* is in 

the fbm'bf p^s^gir^ i^i^sSfffesi wilW fIi ^anS RZt)^ the voltage dividerr " ' " " ' 
AlteniatiVelyl lh6 effdr current that flows in the divider circuit ihay'be 
- negligible compared l6 the amount of' cutrerlt cbntfolied By one half of the least 
significant bit of tK6 cbiihier, i f the iSisist^ces in the divider can be made large 
25 enough; Thfe value'bf (V^ - e*Vj^^)/I^^^ milliamps. the " 

amount of etJrfent flowing through the vbWge 'divider is' [(^^^ 
or typically abouV o.OAniA.'^^eveh milliamps niiakes 172LSB 

eqiiarto' O.^l'i niilliairips. ' ' ' ' " ' ^ ' ' 

^ ^ * Another r^asbn fCr altenng the ratio,' g, is that the edge rate for a rising" signal 
30 may be different' from^ a falling signal oii' tlie output of the bus driver. Alteririg the 

voltage divider ratio so that the swing is nof symmetric '^bbuf V^,. rriay be necessary to 
obtain thb best noise margin for receiving tKe signal on the ijiis. 
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In one enibociirnent the relationship between the counter value and the current 
. ^'-^"'^w^""^^- Such a driver uses binary weighted output transi'stor le^s to 
adjust the cmrent in single steps from 0 to 2^ where is the number of cun^ticontrol 
bits, hi other embodiments there are otherrelatiqnships.jjetween the .colter and 
5 current in the driver. For example, a logarithmic relationship can'b^ used This allows 
•"°!«;Precisixm^withsman^ 

J .rv..^" ^^Ip?'^^?^"'^"^' the counter cou|its,up untn ]^^ 
-.m ^3^^n.^^^!":*t^g»^!i^^ the coimter cpunts'up in 

*^ ^"^^ •;j^.^?f^.^^'^^^ the 
10 ^°"-e^t^alue fbr the cou^ 

to the correct value is found and then counting up or down to obtain the pra:ise. value. 

^"^1^'^-!"'''°'^?^% f «/^b^ack,andp9unj^cr.cirQU^^^ all of 

the bus^river^ of a device;^ln ^p^^,^^ 

, ^f'r^ f^,^°'^:'^^^-\{}9:^^^ latter 
that more circuitry is required. 

on yei^ can ^consume time on, the, bus, 

J^l^!tj[ig in a ifss of throu^hpu^ To eL^^^ 
?etti"^,<?fthecmentoccu^^ 

otherwise. If the slave devices are me|ppp. devices,. ^^^^ ieijthe.tiine at which the 
^P^^^3^^ I^Sy ocQ^ a 

/^^^^S^^^.^^ "^^^ thesettirig c^e^op^ating^urreirt m the bus driver 
takes only abwt 20 thus, t^^^ gettipg c^ opcur concurrently with the refresh 
operation. 

^' .■, ■ ■■■■ :• 

:r: ■■■■■ • V ^"^1^ to *e voltage divider cir^ divider , 

circuity to the o"tP^t Hne^ ^ v^ch it is ^ed,,Jn one e^ for 
coupling is si^^ply a w^ attach^ between jth^ 
, ii'^s. In anaUe^ 

t^!.'|!!**^^f^^|?' 'e^^f j^^^^^g^^^ output lines to 

which it is attachefwh^ 

embodimer^t the means of cquptog is an,N\j[(0^" pass .gate y/ith boosted gate voltages. 
A typical circuit ^o gen^te the boosted gate voU^^^ Figure 6. 
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Other embodiments employ unity gain buffers, operational amplifiers, 
tr'ariscbnductaLnce, or sample-and hold circuitry to couple the voltage at the output lines 
with the voltage divider. Still other embodiments employ capacitors to couple a 
difference voltage from the oiitpiit lines to the voltage divider, such as in some 
5 switched tiiipacitor'filters; ' ' : ^ . 

' Wiiiie the above' discussion referred to a resistance voltage divider, other 
embodiments for divider^" ihclude'the^u^ to analog converters or switched 

capacitor filters such' as a sigi^ An analog-to-digital converter m^ 

' be used to'tonv^rt the a^^^ am'd/or Vfef values to a digital value. 

10 SuWe^ueht' diViisibil^^'m be performed ^y digital signal 

"'•processing:'-" ' -^^ '* ' j.x. -. 

' " - ITie outputvaiue fi?^ 
refefence 'value:' The C'ompkrdior may be a sim^ 

comparator sho^ in Figure '/. ^In an altemate embddimeht, tlie comparator may be a 
1 5 regehfetiitive^sen^e 6if ciiit! ¥he comparator may a switched capacitor 

filter. In still another embodiment where an analog-to-digital cbhverter is used as a 
vbitage-iiivider,'thfe 

" Frefefably,"the re fer6h6is Voltage is ^)rb\aded'"ff om ah extefhai pin. ^However, 
the refererice voltage may klso be gehef af ed With a tiahd-gap'reference circui% or a 

20 volWge divider of Vdd 6^^^ 

* ' iPrefdrably, two v6 If kge divider ratios are selectable. For example. Figure 5 
illustrateis two volkge divi'&er devices 301 and 302 tiSat may be alternately selected. 
The actual Voltatge divider circuits may be implemented resisfive" ladders of tlie type 
shown in Figures 8 and 9. 
25 ' Iii some embodifnehts, a sampling latcli may be employed fcelween the output 

of tht comp'aia sampling latcH fim to average 

' the output of the'comparatbf s5 tiiat thej oh tKe coiinier is reduced/ " 
' * ThV inventfoh does^^hot feiqu external reisistor shown in the 

prior art device of Figui-e 1 . The' invention also provides better tracking than the 
30 device'^df Figiire 1 For Figure 1,' fairly complex;^ aifd' som^ unwieldy "current 
control* initialization' algbrithhi is required to find ' ffie proper start value for each slave 
device. However, with' tHe presmt inventioii^ iniplemehting die current control scheme 
eliminates the need for complex initialization as each slave device automatically 

11 
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adjusts its own output to proper s^ying levels. Slave devices are instructed on a regular 
but infrequent basis to check the outputs. This may be accomplished during th^ same 
time a master device performs its calibration. 

For the master device, the benefits of the present invention include.the. • . , , 
elimination of the CC pin and outp^d^^ accuracy of setting Ae proper . 

current swing. Estiniate^ show ti^^ cond^ol technique of 

: ^^Sure 2, an increase in voltage m^n 

margin. " ' . . ■. 

3 ^'■«°^^r,fbrtfie tec|miqueome p 
current control resistop on y-channel modules. Jovypv^r, the^Qch^^gue is , 

: - J^^^^^'^f':^^^^ '^'^ monitorsthe 
currem to adjust for variations in output drive due to voltage. ^fte^^^^ 

. *f.p';°cessv^^ 

. 'S^J^^^^'^ '^ ? "S^'^: ^fit for t^ ina^ter 4^^ 
"""T^^ n^''^?i^?*?^nf |9^ic in Aesl^y^ 4eyi9g,^d^lnTv^pti ^f ^e c^ 
initialization routine dt^cribed in / J 

pin^s 4riyen to a Ipgic f low ^^^g?) a^^^ driven^ Jhe time this 

is done is under control of the control logic within the ASIC.^ Tl^e slave device is done 
at the sarne time, usin^ difierept pins (for drivipg) than the master dfivice^ is using. 
^"^^S" "^^^^l^?: ^^^^y^ is inserted between tv^o pins, using pass 

transistors Tl and T2. These resistors halve tlie vpltage betvv.een tb^m^ ^^^^^^ 
agmnst *e volume (already pr^se^^ 
cun-ent is needed to increase^ ^^ge sy^ 

swing is detected, A?th9ugh,^;4^gito| axijus^ ^ 
more sophisticated binary search c^ be iipple^nented, .followed t,y a simple adjust one 
ui, oi- down once Aealgp^ complicated, the 

sayings of time tpfind the neces^^ set point may.not justify elimination ofa simple 
up/dpwn counter. 
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' For the slave device, two pins are used for current control adjustment. One pin 
is driven to a logic one (low voltage) and the other pin is not driven. This is done 
using a special register read conmiand (or this could be done during a memory refresh 
to the same device). During this operation,' a resistive divider is inserted between two 
5 'pin's; using pass transistors T3'ahd T4. These resistors halve the voltage between them 
and compare agairist the ' V^^f voltage (already present on the chip) A counter is 
incremented ijf iiibre current is needed to increase the^^ swing or decremented if 
too much voltage swing is detected. Although the digital adjustment is a simple 
up7d6wri counter; a mbre sophisticated binary search could Have been implemented, 
1 0 followed by a simple adjust^'brie' up of dowfi once the algorithm is completed. 

The new rrieth'o^d iise oHhe N iotal pins, different pins for the master and 
the slave: Diinfig curienf tjalibratidnVon^ and' the master both calibrate at the 
same-timeJ^on^SifFereift p^^ ' " ^ ' ' ' ' 
' ' 'Frgufe' lO iilu mode lo'gic that may be used in connection 

1 5 with the invention. The current control cbuhfef includes an adider 1 030, a master latch , 
- 1031; a-muUlifiie^ lOiA] and a majority 

- detector 1035 : XJsirig th6 dori^ in Figure 10, vari^^ modes oSf operations are 

jjos'siblef Iri^a Si^tmbdei thfe"^^^^ placed iii an '*auto hntode" when MD^el 

Bypass 1016 is deasserted an^ K&^lS)^!^^^ In the auto inode, 

20 OCValu^stSiG] t6l24F(SiipM ibn: ikachccUpdate 1020 " 

pulse updates the curireht fcbntf ol vMue on the Value IncrValue 1018 

(which take values of 1 , 6;^ or -1 )! 

Duringinitiializatiori, a seriids of ccUpdate pulses will drive ictrl[5 :] 1014 to 
apjpr6a<;H its eqiiilibriiini' value. ^ may be done with subsequerit 

25 ccUpdatb piiises at sj^^^ ' ' 

; - - - in'ai the Circuitry is placed in a "riiariual mode" when NiD_sel 

Bypass 1016 is assert^^'aiia Ivlb_R£) 1 Ol 7 is asseftedr In the manual mode, ^ 
eGValue_h^d[5:bl itjf f ^u^l^^^ tXTre^^^ At the low phase of 

' ccUpdate; thr value Wlctri[S:i^ fended into' CCR^eg[5 lOf 10 15. this mdde may be 
30 used t6^ drive ah'ajrbitrary'ictrl[5:b] value, 6f to prbload the "master-slave flip flop 
(1033) before entering Auto riiode. The same datapath is used during the Direct 
Access Test mode where test values of ictrl[5:0] are driven by changing CCReg[5:0]. 
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A "mid" value of CCyalue[5:0]=100000 may be preload^ed at mitializatian so the 
ec^uilibrium value is reacjtiisd with fewer numbers of ccUpdate pulses. . - , 

V Jl?e circuitry may al^^ 
asserted. In the force mode, a specific yalue may be forced at ictrI[5:0} :V^en MD^RD 
5 1017 is de-^asserted. In the preferred embodimen^t, random logic forces,;, ri 

i9trl[5:0]=ioi 1 1 1. An alternate. embodiment may im^ forced value 

.9^^^lHes. This mode is us^d % testing an^ ; : t^;:;;- . k: : . 

,^ The^majoiity detector filters thp value of CCIncr ipi 9 and prevents toggling of 
ictrl[5:p] when is vvithin one bit of the.settled value; The majority detector 

10 takes,an even number of samples of SignaLCGIncr.^ T^^ is^^- F if the 

j'^^y ^^P^^^;^ ^h9. ^^^^F^l^M^"'^" if Uie. majority. of samples 
are low. The IncrValue 1018 is "0" if there is no majority^oi y^r- o ; v^: ;t:v.:: 
Figure 11 sliow^, another embodim of current control coimter .that may be 
: , i4sed in accordance with the,inyenlipn.,^This,iin^^ 

^, is placed iapi "autf>-ac^u^ V^^^:i when.CCtffi^iS:liigh:and.CG 
- the autQ-aqquiije mode, the yp-dqwn j^ ictrl[^c<)J;:x;A;s the; up-down 

cpunter is^m ictrl[j6^03.i%chimged:^^ 
equilil^urTi yalue of ictrl [6^:0] is r^?iched. ; . At |his rpqinti, the equilibrium, value is; ■ 
20 loaded int^ CCR^with signal. CCtlLd,^^an counter ^nay enter: Auto 

mode........ . , ■ . 

^ : "auto mpde".when,GCtlEn is low and 
CCtlAuto is high. Ir> .^he auto mode, the registerrin^the CCR block controls the current 
.s^^ing 9f ictrl[6:Q]. Irithis^nwdp, the up-down counter is also coupled to the GCR 

25 register.^ . . --t- r ^ . - 

The circuitry also ha^^ "n^anual n^deV. when^GGHlE^^ is 
low. In the manual mode, a seven-bit value CCtl[6:0] is driven or stored into the 
coxmter and ictrl[6:0]. This mode is used to set a value into the counter and register 
that is close to the setting that will actually result in the auto-acquire mode, which cuts 

30 down on the time it takes to reach the equilibrium ictrl[6:0] value. This mode may 
also be used to set the counter and register to a certain value before the auto-acquire 
mode is entered. This mode may also be used as a test or direct access mode where 
specific values may be driven onto ictrl[6:0] by changing Cctl[6:0]. 



14 



-^^'^^WWlhsSl PCT/US98/17942 

The ciiirent control circuitry may be implemented with a single output pin to 
perform current calibration.- Both "high" and "low" voltage values are measured from 
the sake pin sequentially with sample-and-hold circuitry. Subsequent processing of 
- tfiiese voltage values are averaged with a voltage divider. ^ * - ^ - : • 

5 In another embodiment; the piii voltage values are measured duniig normal 

operation of the RDRAMT- Based dridkb of the "read" operations; the current 

control circuitry determines wlieri stable bu^'u^^ "liigh" br "Ibw" vbltage patterns are 
present on the piri; ^ A single pin or multiple pins itiay be U^ed 'to measure the pad 
' voltage. ■ Multiple"^ may be petfoimed t6' filter rioise coupling 

10 and reflection oh the dutput Channel oii^ut "high" arid "loW" levels. 
' This. effibodimerit has the advantage of requiring no "quiet period" ori'^e cha^ for 
current control calibration:^^ =^-^ '- - u ^ rv rn; ::::: ^ t- 

;cA:r Thb fdriegoirig descripfioh;^^^^^ purposes of ekpl^^ s^ediSc 
nomencla1iir& to provided a thdroti^^^ 
15 '^l^e apparent^ tome'^MUed^inlhe^^ not required in OTcidr to 

practicfe theariventiori7^ In kribwn cii*cuits attdMdvices 

inrblock diagram^ fefhi^iri 6f d^^tb avoiti'iiimfecesskty ^ 
invention. vT^bus^thePfbt^ oPspa:ifJt %mli^ 

invention are pfesetfted for piiiposeS^^f illustira^^ and descriptiori They a^e^t 
20 . intended to be exhaiistive or to iihait t^^^^^^ the precise forins disclosed, 

obviously many modifications and variations are possible in view of the above 
- teachings. The enlbodimerits were! chosen and-dfescribed in ordisr' to beisf explain the 
: principles of the invention and' itispracticiil apphciati^^^^ 

skilled in the art to best utilii^e the invention and vainous^embodimehf^ with v&ous 
25 modifications as are suited to the particular use contemplated. It is intended that the 
' scope of thi& invention be de^^^ the following claims and their etiuivalents. 
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WHAT TSn.ATMFn T.^ - , , , . 

1 . A circuit for controlling signal levels on a transmission channel, 'coniprising: 
a voltage divider to output an average of its inputs; 
- V a first, output driver corrected to a first input of the voltage ciivider; 
a second output driver connected to a second input of the voltage 

divider; 

an :: ' ' y-v^ inj^ut comparator' to. compare-the outpxit cf the voltage divider with a 
referCTce voltagecr-:.::: :.;:r-A.;o . . ^'^./-^^k: - -^-r-v. jkJ.-:. p:-t ; 

^ v:; :^ Jlitchito sainple:ari output^of the:inpiit coHiparati^^^ r;rr : ; 
„ , - c :i > :a <:iOT:ei5^:conlTo^ vialue^ adjusted based 

on a content of the latch, wherein the cun'ent control counted detemiin levels 
at^an-putpjyytjiDf theiiitegrated circuit; ^fc::- on^ sr:; dtrr.' : e ^ r i: >f r riu,::^ c 

15 2vT-; ^exircuilofrclaim^tc i. in / -ra: v s ov^uSla ^ , r 

i^Qlatiomblock^t6.shield vdltage iiividS&r and 

an output pad during a period when, current levelscare^not b^ing ^^M^ 

■■■/Qfrthe^integrated^ircuita t-i? :-rO:^ .liaci bi^z :T03'/n-^n >:r \ ::!ir c 

20 3 ; : : r The circuit of claim 1 wherein^the current control cduntcr is'anmp/dbwn 
counter. r > . 

4. A circuit for cbn^oUing signal .levels on a traMihissidn channel, comprising: 
.yyy ' V a comparatOKt:with a reference voltag^unput node, a current control 
25 voltagejnput node^ andan oiitputinode;:i-o j • . * :.a. 

a voltage divider with a.first input ncde connected'to a termihatiori 
resistor node, a second input node connected to said termination resistor node, and an 
■ -;output,no4^ connected^to said current contFofcvo inpiit^hode;-^^^ - ^ ^ 

a first output driver circuit connected to said first input node t(i control 
30 the value thereon; 

: %>tr; i a second. output; driver: circuit^conrie^cted to said second input node to 
control the value thereon; and . rn , ^ . : i >; ? 
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a current control circuit connected to said comparator output node, said 
current control circuit controlling signal levels on a transmission channel in response 
to.an-.QUtput signal from said comparator. • . 

5 5. . ^The ekcuit of clain>.4 wKerein said current coiitrol circuit is an up/down 
counter. . ;!r _ - _ ; ;jv;t'7 - -c/.. * - i 

' b:A: circuit for controlling the operating- current of ah' output driver, comprising: 
a first adjustable output driver responsive to a current setting! input si^al; ^ 
10 a second adjtistafele, output :driver„Tesponsive tbsaid current setting input signal; 

,>i. r; ' k ; .a first load e]eiiient:.with'one^en^ and a second 

. end coupled. to isaid first^^^^ ^ ; i. i 

a second load element with one end coupled 10 a termination ^/bltage and-a* 
second end coupled to said second adjustable output driver; 
1 5 a voltage divider with a firstdripiit^node,ra^eGbiid input- hode^ ah i^common 

node; said, QQiimion;: node ;p^ upon signals received at 

; smd • first inpujt^ ^ '>orxo .-^ }>r r:.r hrq : . . 

a first signal link between said first input node and smd first'adjustable dutput 

driver; 

20 , /: a> second.signal link betweenfsaid second input noide and said second adjustable - 

output driver; ; . j 

a comparator to produce a comparator output signal based upon a reference 
voltage and saidtputput yoltag.e -from said voltage diyider;"^and - 

^ a counter to generat^.said current setting input signal in response to said 
25 comparator output signal, such that said outpiit voltage of said^voltage divider is ' 
substantially^ tbe:s^§:^;said;refe r br . ^ 

- : : • ; r-.jrjnrixrni:'^) r-^.'- .j. .:'(:=::;- ■ ^njcn r^f/.^v ..:-c..- ■ ^' . * ^' 

7. The circuit ,p:fcl4imr6 fijyrther oomprisingja latoh to'^tore the comparator output 
,o sigrial during noma! 6p^rationb-7>3r \: ^ -^y-^^v: vv:v;c .i f : . 



30 



8. . . Jhe cirpuit , of claim 6,fiirther comprising a combinational and sequential logic 
circuit to filter said comparator output signal. y? ' 
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9. The circuit of claim 6 wherein said counter is an up/down counter: ; : 



10. The circuit of claim 6 further cpniprisipg.a time-multiplexed common pin 
coupled to said first adjustable output driver, said second adjustable output driver, said 

5 first load element, and said seep . ' 

11. The circuit of claim 6 wherein said first load element and said second load 
. element are each a linea^ _ ^. . - , r- : 

10 12. The circuit of claim 6 wherein said first load element and said second load 
element are each anon-linear device., ; c . > ^ . - . . : ...^ 

13. The circuit of claim 6 wherein said first output driver comprises a plurality of 
transistors of p^^ arrangey^^in ^.geometrip manner:., ^.-^^^^ r >, 

14. The circuit of claim 6 wherein said first output driver comprises a plurality of 
^ transistors of pres^^ a.togprittoic mani^ 

1 5 . The circuit of claim 6 wherein said first output driver comprises a plurality of 
20 transistors of preselected^ ^ r r^- - : 

16. The circuit of claim 6 wherein said first output driver comprises a plurality of 
transistors of preselected wi4th^ . , / 

2^ 17; The circuit of claim 

. 18. The circuit of claim 6 wherein said voltage, divider has selectable divide ratios. 

_ 19. The circuit of claim 6 wherein said voltage divider is a digit^l to-analog 
30 converter. . . ^ . , - ^ - ,r . 

, , 20. The circuit of c^im,(5, >yherein said voltage divider is a switched capacitor 
processor.^^^ -: v r . - ■ . ^ ^..^ ' ^: 
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21 . Th6 circuit of claim 6 wherein said voltage divider is a digital signal processor. 

22.4 '^''The circuit of claim 6 wherein said voltage dividefis a resistive ladder. 

5 23. The circuit of claim 6 wherein siid firsi signal link and said second signal link 
are each a wire. 



24. The circuit of claim 6 wherein said first signal liiik and saib second signal link 
are each a semiconductor pass gate. 

25 . The circuit of claim 6 wherein said first isigiiai Imk' £uid said second" sigriai link 
are each an operational amplifier buffer. 

26. The circuit Wclmm^¥lfer^^ sm^i^i-isf ^i^ link 
15 are each an analog-to-digital converter. 

27. The circmt^of claiW^whefein iarcf iSi^t sigiik 
are each a capacitor. 

. ^ /:;i;;r:i5;q i: r^;*?;ncc- 'vov:ii. -^i^wi^o ^^--GS .T^ei-^/f^v o rr.'^;,!:; "^n " ' ■ . 

20 28. The circuit of claift'^ wfifereii ^kitf fc^t ki^al Imk aiM saM second signal link' 
are each a sample-and-hold circuit. 

29. The circuit of claim '6' wherein said cofrij^aratbr is atii arialog corhp 
25 30. 'The dr&iH^^ saidconipafatdr is 'i'digitail^^^^ 

31. ' ' ■ The^^^C said second 
adjustable output driver, said first load element, said second load element, said voltage 
divider/ said^first signal Hhk* ^^aid second' sigriiil lln^ and said counter 

30 are positioned in a single package. ' ' 

32. ' - The circuit- of claim 6 wherein said'fifst adjiistabte oixtput dnver, said second 
adjustable output driver, said first load element, said second load element, said voltage 
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divider, said first signal link, said second signal link, and said comparator are 
positioned in a first package and said counter is positioned in a second package. 

33. The circuit of claim 6 wherein said first adjustable output driver, said second 
5 adjustable output driver, said first load element, said second load element, said first 

cignal IfrSc, a[nd said' se^ are positioned in a first package and said 

voltage divider, and said:cdunter are positioried in a second package! - 

34. , A method bf est^ablislnrig an operating cuix^m fo output driver, said method 
10 comprising the steps of:. ' [ ■ r ^> 

coupling a voltage divider between two adjustable output drivers, wherein the 
, first output driver is in an on state and the second is in an off state, and an output of 
each output driver is coupled to one side of a termination load device, while the other 
side of each termination load device is coupled to a termination voltage; 
15 comparing a common node of said voltage divider to a reference voltage; and 
adjusting the count value of a cbimter in rej>ponse to said coniparing step uiitil 
said common node of said voltage divider is substantially the same as said reference 
voUage.^-." - ^..-^..JS-Ji ■ ^IJx- ■ J. v^- ^ ■ 7 - - \ 
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